We use the full-wave approach to obtain the solutions for the diffuse single-and double-scatter radar cross sections for one-dimensional rough surfaces. The solutions are expressed in terms of two-and six-dimensional integrals (not integral equations) for the single-and double-scatter cross sections. High-frequency, stationary-phase approximations are applied to these multidimensional expressions. The full-wave, highfrequency approximate solutions are obtained in closed forms for the single-scatter cross sections and in terms of two-dimensional integrals for the double-scatter cross sections. The sharp peak in the backscatter direction is due to the contributions from the double-scatter quasi-antiparallel paths. The level and the angular width of the enhanced backscatter peak are frequency dependent. The high-frequency approximations provide physical insight into the multiple-scatter problem. However, they cannot be used to predict accurately the angular width of the backscatter peak and the polarization dependence of the scatter cross sections.
INTRODUCTION
Integral expressions for the single and double incoherent diffuse scatter cross sections are obtained with the full-wave approach. These single-and double-scatter cross sections are expressed as two-and six-dimensional integrals, respectively. For rough surfaces with meansquare slopes ͗h x 2 ͘ $ 0.5 the double-scatter contribution to the total scatter cross section is significant even when the root-mean-square height is a fraction of the wavelength. Correlations between the heights and the slopes at pairs of points on the rough surface are accounted for in the analysis.
The CPU time needed to evaluate the six-dimensional integrals is excessive even for supercomputers. Highfrequency, stationary-phase approximations are used here to reduce the six-dimensional integral expressions into two-dimensional integral expressions that are readily evaluated by computers. Using the high-frequency approximations, we also assume that the radii of curvature are large compared with the free-space wavelength. Thus the slope at two neighboring points (within a correlation length) is assumed to be equal to the slope at the midpoint. 1 -5 The full-wave solutions are not restricted to Gaussian surface height and slope joint probabilitydensity functions at two points on the surface, nor is it necessary to assume Gaussian surface height autocorrelation functions. The Fourier transform of the conditional joint characteristic function of the rough surface is shown to reduce to a Dirac delta function for the slopes at the specular points. Thus the slope-dependent surface element scattering coefficients are evaluated for slopes at the specular points.
The results show that the sharply enhanced backscatter is due to the contribution of the double-scatter quasi-antiparallel paths. The results based on the highfrequency approximations imply that there are no significant differences between the vertically and horizontally polarized scattered waves. The intensity fluctuations about the backscatter directions are also shown in the results. These fluctuations, which are observed in the experiments, are in part due to the interactions between two single-scatter intensities.
In this paper the rough surface is characterized by Gaussian joint probability-density functions for the surface heights and slopes at pairs of points on the surface. The surface height autocorrelation function and its Fourier transform (the rough-surface spectral density function) are also assumed to be Gaussian.
The derived scatter cross sections per unit footprint area are shown to be independent of the footprint area. It is shown here that the level and the angular width of the sharp peak in the enhanced backscatter direction are dependent on the frequency. The average (over the height) of the mean double-scatter path is introduced in the expressions of the double-scatter cross sections. It is shown that there is an optimum value for this parameter.
We use the high-frequency results to set up a tractable scheme to compute the full-wave six-dimensional integral expressions for the double-scatter cross sections as essentially three-dimensional integrals (a one-dimensional integral calls two, two-dimensional integrals 4 ). These results can be applied to the design and the fabrication of enhanced radar targets (inverse stealth) and road signs with broad angles of observation.
FORMULATION OF THE PROBLEM
For suppressed exp͑ jvt͒ time excitations the fullwave solutions for the diffuse double-scatter far fields G fP d ͑r͒ from one-dimensional rough surfaces ͓ y h͑x͔͒ (Refs. [6] [7] [8] [9] are
wheren i andn f are the unit vectors in the directions of the incident and scattered fields:
and the position vectors to points 1 0 and 2 0 on the rough surface are given by r 0 s1 and r 0 s2 :
The wave vector in the direction of the fields scattered from the surface at r 0 s1 to the surface at r 0 s2 is (see Fig. 1 )
where the free-space wave number is k 0 v͑m 0 e 0 ͒ 1/2 and n 0 is a unit vector. The surface element scattering coefficients at points r 0 s1 and r 0 s2 on the surface are D 1 0 ͑n 0 ,n i ͒ and D 2 0 ͑n f ,n 0 ͒, respectively. The scattering coefficients depend on the polarizations of the incident and scattered waves, the media on both sides of the rough interface, and the local normalsn 
where In Eqs. (5) the dimensionless quantities h r , e r , and m r are the relative intrinsic impedance, the relative permittivity, and the relative permeability, respectively, andn 0 1 is the unit vector normal to the rough surface at point 1 0 . The angles of incidence and scatter in the local coordinate system are u in 0 and u fn 0 , respectively. Thus 0 . The angle between the local planes of incidence and scatter is given by
The angles u 
where n r ͑e r m r ͒ 1/2 is the refractive index. if the point at r 0 s2 is illuminated by a source at r 0 s1 and visible at the receiver ͑n f ͒.
11
The distance to the receiver from the origin is given by r ͑x 2 1 y 2 ͒ 1/2 . The integrand for the diffuse double-scatter field expression given in Eq. (1) is not singular. The reason is that, as k 0 ͑n We obtain the expression for the double-scatter field [Eq. (1)] on integrating by parts the iterative solution for the diffusely scattered field. 12 This expression does not contain the zero-order term. 13 The double-scatter intensity is obtained by multiplication of the expressions for the double-scatter fields [Eq. (1) Fig. 2 ).
The incoherent quasi-parallel diffuse double-scatter cross section is therefore [see Fig. 3(a) ]
where P 2 ͑n͒ is the shadow function obtained by Sancer.
11,12
In Eq. (9) the quasi-parallel double-scatter cross section is expressed in terms of a product of two terms ͗s pdIn ͘ ͑n 1, 2͒ associated with incoherent diffuse single-scatter cross sections:
where x dn and x cn , the integration variables, are changed from
, and x 00 s2 to x d1 , x d2 , x c1 , and x c2 , with
In addition,
where the limits of integration for the variable x c are ͑2L, L͒. Furthermore, the limits of the integration with respect to x m are ͑2L m , L m ͒, where L m is the statistical average (over height) of the double-scatter mean path length.
12
The conditional joint characteristic function for the heights h 0 n and h 00 n given the midpoint slope h xnc is 12 (for n 1, 2)
where
We obtain the coherent single-scatter cross sections ͗s pcn ͘ on setting R n 0 in the expression for the total scatter field; thus, from Refs. 13 and 14,
Furthermore,
The incoherent diffuse single-scatter cross sections are defined as
For the assumed Gaussian rough-surface spectral density function the normalized surface height autocorrelation functions are, for n 1, 2,
where l c is the correlation length of the rough surface and
Since the full-wave solutions account for upward and downward scattered waves, the quantities 2n (9) is referred to as the quasi-parallel ͑n 0 ഠn 00 ͒ contribution to the double-scatter cross section.
At high frequencies the major contributions to Eq. (9) come from regions where x dn ͞l c is small. Thus the small x dn ͞l c expansion for the height /slope correlation B n can be used:
On assuming that a n 2 ͗h 2 ͘ . . 1 and b n 2 ͗h 2 ͘ . . 1 (high-frequency approximations), we obtain x͑a n ͒ exp͑2a n 2 ͗h 2 ͘͞2͒ , , 1 and x͑b n ͒ exp͑2b n 2 ͗h 2 ͘͞2͒ , , 1. On keeping the leading terms in Eqs. (18) and substituting them into Eq. (10), one obtains
Similarly, from Eq. (10),
Since the integrands in Eq. (10) vanish for large values of x dn (compared with l c ), the limits of integration in Eqs. (19) with respect to the distance x dn variables can be extended to infinity ͑2`# x dn #`͒. Thus, integrating Eq. (19a) with respect to x d1 , one obtains
where the Dirac delta function is obtained from the Fourier transform of x 2 . On integrating Eq. (20) with respect to the slope h x1c , one obtains the closed-form solution
in which h x1s is the slope at the specular point wherê n 1c !n 1s . Similarly, integrating Eq. (19b) with respect to the distance x d2 and the slope h x2c , one obtains
in which h x2s is the slope at the specular point wherê n 2c !n 2s . When we substitute Eqs. (21) and (22) into Eq. (9), the high-frequency quasi-parallel diffuse incoherent double-scatter cross section is obtained:
In Eq. (23) the integrand is equal to its complex conjugate whenn 0 andn 00 are interchanged. The major contributions to the integrand in Eq. (23) come from the regions wheren 0 ഠn 00 ͕where the arguments in the
For the quasi-antiparallel ͑n 0 ഠ 2n 00 ͒ cross path [see 
It is also assumed for the quasi-antiparallel path that (consistent with the high-frequency assumption) the slopes at
and the slope at x 2c are given by 6B 2 . The corresponding surface height autocorrelation functions at these pairs of points are given by R 1 and R 2 . On substituting Eqs. (24) for the surface variables into the expression for the total diffuse scatter cross section (after performing all the algebraic manipulations similar to those for the quasi-parallel case), we obtain the expression for the incoherent diffuse double-scatter quasi-antiparallel cross section ͗s adI ͘:
in which ͗s adI 1 ͑n 0 y , n 00 y ͒͘ is related to the single-scatter cross section given by
and ͗s adI 2 ͑n 0 y , n 00 y ͒͘ is given by
where in this case (quasi-antiparallel) the conditional characteristic functions x 2n ͑a n , b m j h xnc ͒ ͑n, m 1, 2, m fi n͒ and x͑a n ͒ and x͑b n ͒ are given by Eqs. (12) and (13b). The coherent single-scatter cross sections ͗s acn ͘ can be obtained from Eqs. (13) if we set R n 0.
In When we apply the high-frequency approximations to the quasi-antiparallel diffuse incoherent double-scatter cross sections (25) (as we did in the quasi-parallel case), the terms associated with the single-scatter cross section are obtained in closed form: 
and 
On substituting Eqs. (27) and (28) into Eq. (25), we obtain the expression for the high-frequency double-scatter quasi-antiparallel cross section: (29), we evaluate the slope-dependent surface element scattering coefficients D at the specular points on integrating with respect to the slopes h x1 and h x2 . Using the geometrical physical optics approach, 5 we evaluate the surface scattering coefficients a priori at the specular points.
With the use of Barrick's approach 5 it is shown that the same high-frequency approximations are obtained independent of the assumed Gaussian rough-surface statistics. The heights at the points at r x d2 h x2c .
(31c)
The following approximations are also needed in this high-frequency analysis for the double-scatter cross sections:
where h x1c and h x2c are the slopes at the midpoints x c1 and x c2 . Thus the integrand is no longer dependent on the heights h The corresponding high-frequency single-scatter crosssection solution is
We obtain the total cross section by incoherently adding the single-and double-scatter cross sections.
ILLUSTRATIVE EXAMPLES
The integrands of the two-dimensional integrals (23) and (29) are expressed as functions of the angles u 0 and u 00 between the vertical y axis and the unit vectorsn 0 andn 00 , respectively. To illustrate the significance of the different contributions to the integrals (for both the quasi-parallel and the quasi-antiparallel paths), we have plotted the integrands as functions of u 0 and u 00 (measured in Fig. 5 . The rough-surface mean-square height is given by the Rayleigh parameter b 4k 0 2 ͗h 2 ͘ 41.077, and the mean-square slope is ͗h x 2 ͘ 0.508. Thus the correlation length is l c 3.43 mm. The relative permittivity is e r 2424.64 2 j81.144 (gold), and the wavelength is l 3.392 mm. The major contributions from the quasi-parallel path are along the diagonal u 0 u 00 , and the major contributions from the quasiantiparallel path are along the antidiagonal u 0 2u 00 . The peaks are at u 0 u 00 6p͞2, since the shadow factor ͓1 2 P 2 ͑jn 0 y j͔͒ ͓1 2 P 2 ͑jn 00 y j͔͒ 1 when the scattered waves between points 1 0 and 2 0 (1 00 and 2 00 ) are horizontal. Note that from Fig. 4 these contributions are equal (in the high-frequency limit) for only the backscatter case u i u f 10 o ; however, for u i 10 o and u i 5 o ͑f i 2 f f p͒ the contributions from the quasiantiparallel path become relatively very small (see Fig. 5 ). 12 and measured data. 16 The parameters are the same as those in (a). VV, vertical polarization; HH, horizontal polarization.
In all the examples the double-scatter mean distance is assumed to be L m 11.13l c (see Appendix B). 15 The single-and double-scatter cross sections ͗s I ͘ (quasi-parallel and quasi-antiparallel) are plotted in . The onedimensional rough surfaces considered in these examples are characterized by Gaussian surface height and slope probability-density functions. The root-mean-square height is ͑͗h 2 ͒͘ 1/2 1.73 mm, and the root-mean-square slope p h x 2 0.712 (the correlation length l c 3.43 mm). Experimental data have been published recently for this surface. 16 The data presented here are renormalized such that the total power W scattered above the rough interface, per unit incident power, is
The mean-square slope of the Gaussian rough surface is ͗h x 2 ͘ 2͗h 2 ͘͞l c 2 0.508. The high-frequency, full-wave results for the vertically and horizontally polarized scatter cross sections are practically indistinguishable. However, the full-wave results obtained from the six-dimensional integrals [Eqs. (9) and (25)] indicate that the double-scatter fields are polarization dependent. 4 At the stationary-phase points the surface element scattering coefficients [Eqs. (5)] are proportional to the Fresnel reflection coefficients. 10 For the highly reflective gold surface the magnitude of the Fresnel reflection coefficient is approximately equal to unity for both vertical and horizontal polarizations.
Comparing the results given in Figs. 6 -8 with those given in Figs. 9 -11 shows that the angular width of the sharp enhanced backscatter depends on frequency. The enhanced backscatter angular width is larger when l 3.392 mm (Figs. 9 -11 ) than when l 1.152 mm (Figs. 6 -8 ). When one compares the high-frequency results obtained in this paper and the high-frequency results obtained by Ishimaru et al. 17, 18 with the full-wave results obtained from the six-dimensional integrals (9) and (25) (Ref. 4) and the experimental results, 16 it is clear that the angular width of the sharply enhanced backscatter and the polarization dependence have been significantly affected by the high-frequency approximations [see Figs. 7(b) and 11(b) ]. Thus, even though the stationaryphase approximations used here are very useful in providing physical insight into the multiple-scatter problem, they cannot be used when the polarization dependence and the angular width of the enhanced backscatter peak are significant factors. The high-frequency results derived here for the scatter cross sections per unit footprint area are independent of the footprint area. In this paper the evaluation of the mean double-scatter path L m and its introduction into the expression for the double-scatter intensities are significantly different from the corresponding development by Ishimaru et al. The mean-square slope also has a major effect on the level of the backscatter peak through the factor 
CONCLUSIONS
The high-frequency approximations were applied to the full-wave solutions for the single-and double-scatter cross sections. We incoherently added the single-and doublescatter cross sections to obtain the total cross section. The very sharp enhanced backscatter is due to the contribution of the double-scatter quasi-antiparallel path and not due to the single scatter. 19 We used the full-wave approach to obtain six-and two-dimensional integral expressions for the double-and single-scatter diffuse cross sections, respectively. Correlations between the heights and the slopes at pairs of points on the rough surface are accounted for in these expressions. The high-frequency, stationary-phase approximations are used in reduction of the expression for the double-scatter cross section from six-to two-dimensional integrals. We used the highfrequency results obtained from the two-dimensional integral expressions to set up a tractable scheme to evaluate the six-dimensional integrals (9) and (25). 4 The high-frequency approximations for the double scatter are practically independent of polarization, and the angular width of the enhanced backscatter is relatively small.
At high frequencies the major contributions to the double-scatter cross sections come from regions on the (22), (27), and (28)] are less valid at the grazing angles. Thus, while the high-frequency results are very useful in providing physical insight into the multiple-scatter problem, they do not provide satisfactory results for the polarization dependence and for the angular width of the enhanced backscatter. 4 The sinc function, which is a function of L m (the mean double-scatter path), represents the interaction between the two singlescatter cross sections.
The effects of the shadowing P 2 , 11 the mean doublescatter path L m , the mean-square height ͗h 2 ͘, and the mean-square slope ͗h x 2 ͘ on the double-scatter results are explicitly revealed in the analytical expressions for the full-wave quasi-parallel and quasi-antiparallel contributions to the cross sections. Thus the shadow function factors ͓1 2 P 2 ͑jn 0 j͔͒ ͓1 2 P 2 ͑jn 00 j͔͒ maximize the integrand whenn 0 andn 00 are practically horizontal ͑n 0 ഠ 6n 00 ഠ 6â x ͒. The mean double-scatter path L m (which appears in the sinc function) is responsible for the interaction between the terms that are associated with the singlescatter cross sections. The enhanced backscatter peak is maximum for L m ഠ 25l c ; however, the level of the backscatter peak is not critically dependent on L m for 10l c # L m # 30l c (see Appendix B).
APPENDIX A
If the mean plane of the rough surface is perpendicular to the unit vectorn 0 n 0xâx 1 n 0yây , the quantity [in the denominator of the integrand of Eq. 
APPENDIX B
We obtain the distance L m by taking the statistical average of the mean distance x m x c1 2 x c2 [Eqs. (11c)] between the pairs of multiple-scatter points [see Figs. 3(a) and 3(b)]. In this paper the expression derived by Beckmann 15 for the mean duration of a fade T 2 ͑h͒ is used for the ensemble average of x m . This ensemble average depends on the height h (level of signal 15 ). Thus the average of this quantity over the heights is
where the mean duration T 2 ͑h͒ is 15,18 (see Fig. 12 )
The probability-density function p͑h͒ of the height is assumed to be Gaussian truncated at h 62p͑͗h 2 ͒͘ 
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